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A corrosion sensor, termed a corrosion coulometer, has been devel-
oped for use on steel structures. The corrosion coulometer quantifies 
the corrosion occurring on a steel element due to atmospheric conditions 
such as dust, debris, humidity, condensation and electrolytic species. 
Use of inexpensive monitors to accurately assess the condition of struc-
tural systems can have a major impact on reducing the costs of maintain-
ing the infrastructure. This paper presents results from application of 
corrosion monitors on weathering steel bridges, at an outdoor exposure 
site and under laboratory conditions. The emphasis is the quantitative 
relationship between coulometer and adjacent panel corrosion penetration 
data. More detailed discussion focusing on corrosion coulometer sensor 
design considerations is available [1]. 
Initial testing was reported in ATLSS Report No. 88-07 [2]. Labora-
tory evaluation by monitoring successive wet/dry cycles and exposure on a 
building roof at Lehigh University for 20 weeks showed excellent correla-
tions with corrosion of adjacent steel panels (Fig. 1). The next step in 
the monitor evaluation was exposing the monitors at locations on existing 
steel structures and is discussed in ATLSS Report No. 90-09 [3] with 
results summarized in this paper. 
EXPERIMENTAL WORK 
The corrosion coulometer consists of a copper cup with a layer of 
glass beads on the bottom and a steel screen resting on the beads. When 
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Fig. 1. Modell corrosion coulometer results showing linear 
regression correlation coefficients, R, for overall 
data set, initial set (to 0.4 g) and end set (remain-
ing data). 
saturated with water, the galvanic action between the cup and screen 
results in a potential being established in an external connection. As 
the cell dries out, the current decreases until it stops when the cell is 
completely dry. The total output (i x t = coulombs) of the cell is 
stored in a microcoulometer, or an E-Cell (Series 560, Basic Laboratory 
Design, Inc., Los Angeles, CA 90045), which can be read at any time. As 
the steel screen rusts, corrosion product collects on the screen, the 
glass beads and underlying filter paper. The monitor can also collect 
air-borne contaminants, debris, and water from traffic spray or leaky 
bridge joints. 
The monitor used in the bridge study [3] was Model 2 shown in Fig. 2 
and is a modification of Modell [2]. The two modifications incorporated 
in Model 2 are a new polarized weatherproof connection and steel screen 
materials, A588 and A36 which are used in bridge construction. Laborato-
ry tests have shown Model 2 readings to be similar in magnitude and 
nature to those of Modell. Based upon early results, additional designs 
were developed to accommodate further requirements ascertained during the 
study. Monitors based upon these designs are labeled Models 3 and 4 and 
discussed in the Results section. 
Monitors were mounted on racks which were clamped to steel girder 
surfaces (lower flange, upward-facing horizontal surface). Monitors are 
serviced by changing the E-Cell. The E-cell is removed and one with a 
reset E-Cell is placed on the monitor. The used E-Cell connector is 
placed in a device which resets the E-Cell, giving the total charge in 
millicoulombs (mC). The relation between coulombs and corrosion is given 
by Faraday's law, Q = it = WF/EqWt , where Q is total charge in cou-
lombs, i , current flowing through cell in amperes, t , time of current 
flow in seconds, W , weight of material reacted in grams, F , the Faraday 
constant, 96,487 coulombs/equivalent, and EqWt , the equivalent weight of 
the material in grams equivalents. 
The following procedure was used to strip rust off the steel 
4"x6"xO.02" plates installed adjacent to corrosion coulometers on bridg-
es. Rust was removed from the steel plates by treating the plates at 
75°C with a solution of 10% H2S04 containing 2% Rodine 95 (Amchem Prod-
ucts, Inc., Ambler, PA). Mass loss due to corrosion can be converted to 
an average corrosion penetration per side [4]. 
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Fig . 2. Corrosion coulometer Model 2 (cross-section). 
Most structural steel in bridges is sheltered by the bridge deck 
from some atmospheric conditions and thus does not experience direct 
rainfall or sunshine. The bridge service application of the corrosion 
monitor consists of testing the monitor's response on such sheltered 
bridge girders. The monitor was tested by comparing monitor readings to 
corrosion penetration values of steel panels at that site as well as to 
monitor readings at other sites. In addition, corrosion monitor readings 
were obtained at the ATLSS Mountaintop Campus site without exposure of 
steel panels adjacent to the monitors. The results of the study at the 
Mountaintop Campus location are discussed in aseparate report [2] . 
Monitors and sixteen 4"x6" steel plates were installed at each of 
the five bridge sites. Monitors were fabricated with A588 steel screens 
or A36 steel screens. Eight steel plates were A588 steel and eight were 
A36 steel. The purpose of the A36 (copper bearing structural steel) 
plates is to provide for a control specimen. Initial exposures for all 
bridge sites were made at the same time of the year, between December, 
1989 and January, 1990. Monthly site visits were made for the first six 
months, at which time the monitors were serviced and one A36 plate and 
one A588 plate were removed. 
Each test was set up on the top surface of a lower flange of a steel 
girder away from supports. The most severe corrosion occurs at the top 
surface of the bottom flange and lower 1/4 of the web surface along the 
entire length of the girder as well as on the entire web surface at 
supports [5]. This corrosion is caused by water and salt leaking from 
joints or sprayed by traffic . For these reasons the monitors were tested 
at locations where leaking did not occur, the purpose being to test 
monitor response and measure plate penetrations under sheltered condi-
tions with corrosion promoted by traffic spray with no direct rainfall. 
Table 1 shows a summary of conditions at the bridge sites . "Spray" 
refe rs to whether or not traffic passes under a bridge. A more detailed 
description of each individual site is documented in report form [2]. 
Electrochemical measurements 
Continuous monitoring of corrosion coulometers was performed under 
laboratory conditions to observe responses as functions of relative 
humidity and time. A Gamry Instruments, Inc., Model CMS-100 electrochem-
ica l system was used to make galvanic corrosion measurements. Measure-
ments were made on the monitors during changes between and equilibration 
at 0, 50 and 100% relative humidities (RH). Sodium chloride and calcium 
chloride were evaluated as de-icing materials on A588 steel material . 
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Table I 
Summary of Conditions at Bridges 
Micro- Existence Existence 
Macro- envir. of Penet. of Penet. 
Bridge Location envir. (S~ray2 Data on Bridge Data in Area 
Fahy Beth. PA lndus. No No Yes 
NJTP Newark NJ lndus. Yes No Yes 
Mville Mville. PA Rural No No No* 
8-Mile Detroit MI lndus. Yest Yes Yes 
1-96 Detroit MI lndus. Some No Yes 
* There are data for other rural PA sites 
t This weathering steel bridge was painted several years ago due 
to the extreme corrosion problems [4,6-8]. 
RESULTS AND DISCUSSION 
Plate penetration curves will be presented first, followed by 
information on monitor performance. 
Each sheltered bridge site has two corrosion penetration curves, one 
for A36 carbon structural steel with copper and one for A588 weathering 
steel. Fig. 3 shows all ten corrosion penetration curves for the plates 
installed in December, 1989 or January, 1990 for all five bridge sites. 
The corrosion curves display a wide spread in values obtained at the 
bridge sites, with penetration values up to four times greater between 
the least and most corrosive sites. Values differ between sites initial-
ly, and appear to be continually diverging. The wide range of values was 
desired, so that comparisons of monitor readings could be made between 
sites of higher and lower corrosivity. The Eight-Mile Road Bridge site 
was clearly the most corrosive site, followed by the site at 1-96. 
Slightly less corrosive than these two sites was the New Jersey Turnpike 
site. Least corrosive were the Bethlehem and Montoursville sites. The 
effect of traffic spray on plate penetration values is thus clearly 
observed because the two Pennsylvania installations were not above 
traffic in contrast to the other sites. Bethlehem, Montoursville, and 
Newark showed highest penetrations for a time interval during the first 
or second month. On the other hand, the two Michigan bridges showed the 
greatest increase during the third month. In fact, the A36 panel at 
Michigan's Eight-Mile Road Bridge has a 0.416 mil penetration increase 
for the third month, greater than the first six-month penetration value 
for all panels at Bethlehem and Montoursville. This increase was likely 
attributable to deicing procedures used in Detroit versus those in the 
Pennsylvania locations. Differences in the A588 versus A36 curves grow 
greater as the magnitude of the corrosion penetrations increase. In 
other words, as environments grow more corrosive, it may be more advanta-
geous to use weathering steel. Bethlehem and Montoursville show virtual-
ly identical curves for A588 and A36 panels, while the A588 and A36 
curves grow further apart with time for Newark, 1-96 and US-24, and 
Eight-Mile Road. 
After six months, penetrations of weathering steels at Eight-Mile 
Road and 1-96 & US-24 are 1.189 mils and 0.732 mils, respectively. 
Values reported in literature show average 1/2 year values for the Eight-
Mile Road Bridge equal to 0.47 mils, and a 0.67 mils penetration for a 
nearby roof top exposure [4]. Penetration values in this paper are 
significantly higher than existing penetration values which likely 
reflects the severity of the specific winter season. At Newark, the 
A588 penetration in this study was 0.639 mils after 1/2 of a year, which 
appears to compare weIl to reported values for 1 year data reported in 
literature [8], taking into account that the corrosion rate decreases 
with time. Comparison to open exposure values obtained at Bethlehem and 
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Fig. 3. Model 2 panel penetration results at 5 bridge locations. 
rural Pennsylvania reveals that the penetrations obtained in this study 
are lower than predicted using data of Townsend [9]. There are no 
appropriate sheltered exposure penetration data for Bethlehem or Mon-
toursville, so direct comparisons are not possible. The corrosion 
penetration curves generated in this study show trends as expected, with 
the Michigan curves clearly confirming the corrosion problems which occur 
there . Exact test conditions of previous studies cannot be duplicated, 
so differences should be expected . The winter initial exposure in this 
study has caused the high penetration seasonally-influenced values 
obtained. In summary, penetration curves of varying nature and magnitude 
have been obtained as a function of bridge site location . These varia-
tions allowed a reasonable test of the performance of the corrosion 
coulometer. 
The performance of A588 and A36 monitors and new design monitors are 
considered in this paper. Some additional studies were performed using 
stainless steel monitors and monitors inoculated with salt and were 
discussed in the original report [2]. Fig. 4 is a graph of the A36 steel 
screen and A588 steel screen cumulative monitor readings at each bridge 
site. The following observations can be made: (1) The most striking 
result is the low magnitude of initial values. Values below 1.0 mC are 
frequent. When taking into account residual coulometer readings, these 
low readings can be effectively taken equal to zero . These zero readings 
occurred most often during the first two to three months . (2) Another 
significant result can be seen clearly in Fig. 4 . Several months expo-
sure were required for a monitor response to develop. (3) The Eight-Mile 
Road Bridge was the most corrosive site, followed by the 1-96 & US-24 
site, the New Jersey Turnpike site, the Bethlehem site , and the Montours-
ville site. This monitor corrosivity ranking is the same pattern as that 
of the plate penetration curves. Significant readings occurred at most 
sites for the last months of the test . (4) All A36 and A588 monitors at 
Eight-Mile Road and 1-96 & US-24 produced significant readings during the 
third month, including the three highest recorded monthly readings at a 
bridge. The third month is the month when the plates at Michigan had 
their highest penetration. Apparently, the monitors are responding to 
the same factor which is causing the extreme plate penetrations during 
this month. 
New Desi~ns 
A modification was made to accommodate slow response of Model 2 in 
sheltered conditions resulting in Model 3. The monitor consists of a 
steel screen and a copper screen separated oy glass-fiber filter paper 
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Fig . 4. Model 2 corrosion coulometer results for 5 bridges. 
and coupled with a weatherproof connector containing the coulometer. 
When one of the screens collects moisture, the filter paper will become 
wet and transfer the wetness to the other screen. This process differs 
from the previous designs in which the steel screen or the copper cap was 
wetted from condensation while the glass beads usually remained dry. The 
new monitor generates a current and a reading any time the relative 
humidity reaches a critical (dew point) value which causes condensation 
on one of the screens. The success of this design generated yet another 
design attempting to take into account the thermal mass of the bridge. 
The additional design (Model 4), shown in Fig. 5, has a steel screen 
attached to a larger copper plate with filter paper separating the two . 
The copper plate is attached directly (flat) to the steel girder surface 
under study . The thermal mass of the bridge causes the temperature of 
the bridge steel to differ from the air temperature because several hours 
are required for the bridge mass to respond to an air temperature change . 
An air temperature rise (moist air) can cause condensation on the bridge 
steel when the dew point is exceeded or at lower humidities in presence 
of salt films, promoting corrosion. The copper plate in the Model 4 
d e sign will be at the same temperature as the bridge steel, and water 
will condense on it any time a temperaturejhumidity change causes water 
äcp~sition, resulting in a coulometer response . This design is currently 
under evaluation at the mountain top location. Some results are shown in 
Fig . 6. The difference between the curve of Cell #1 and that of Cell #2 
is due to time differences in making the measurements. The datum at 
approximately 120 days for Cell #2 w~s cbtained a few days after that of 
Cell #1 during which an extended rainfall occurred causing a higher 
reading for Cell #2. At the next servicing, Cell's #1 cumulative reading 
equalized with that of Cell #2 . 
Electrochemical Measurements 
Current versus time measurements were made under galvanic corrosion 
measurement conditions (zero resistance ammeter) . Tests were made with 
sodium chloride (NaCl) and calcium chloride (CaClz). Salt solution was 
poured into a Model 2 monitor and subjected to alternate drying (silica 
gel) and humidity conditions. Desiccation and 50% RH caused the current 
to decrease to zero or very low values for the NaCl inoculated monitor, 
while 100% RH resulted in increasing corrosion currents. For CaClz , only 
desiccation caused the current to decrease to zero . Exposure to 50% RH 
caused moist surface conditions and high corrosion currents. This result 
is expected on the basis of the higher hygroscopicity of CaClz versus 
NaCl. Also, thi s effect may help explain the greater severity of 
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Fig. 6. Model 4 results. 
corrosion in the Detroit locations because CaC12 is mixed with NaCl to in-
crease the efficiency of deicing in cold climates. Additional details 
and da ta can be found elsewhere [1]. 
SUMMARY 
The corrosion coulometers in service at the Mountaintop site per-
formed and are still performing well [3]. Variable rainfall and drying 
conditions which exist around the cross section of the beam are reflected 
by the different monitor responses. Salt has a dramatic effect on 
monitor readings. Poor monitor performance did occur initiallyon 
monitors which received little direct rainfall. However, the newer 
designs alleviate possible problems with lack of direct rainfall. 
Model 2 monitors at the sheltered bridge sites did not perform as well as 
at the unsheltered sites, but monitors responded to corrosion promoting 
factors. Laboratory investigations confirmed results obtained in shel-
tered locations. Modification of the corrosion monitor (sensor) design 
was determined to be a fundamental aspect of the information acquired 
from the monitor. A simpler design consisting of steel and copper 
screens sandwiched together was developed. This design was more sensi-
tive to factors promoting condensation, as demonstrated by their ability 
to produce readings when subject to 100% relative humidity. Outdoor 
exposure results confirm the increased sensitivity. This design is 
currently being altered to make it more sensitive to the thermal heat 
capacity of a bridge. Electrochemical measurements on corrosion monitors 
under laboratory conditions enable verification of response obtained in 
the field and provide a me ans of determining mechanisms of atmospheric 
corrosion processes related to changing climatic conditions. Atmospheric 
corrosion measurements can be made in a real - time mode. 
Applications for the corrosion coulometer include: Appraisal of the 
corrosivity of a proposed construction site to ass ist in structure design 
and corrosion protection strategies , and ; On-line monitoring of chemical 
plant facilities for changes in corrosivity conditions. An example of 
the former application is given in Fig. 7 as a concept submitted for 
consideration relative to steel bridge construction and m~intenance. 
The corrosion coulometer is an important development for atmospheric 
corrosion monitoring. On-line monitoring of corrosion processes can be 
accomplished in much the same way as in fluid chemical processes involv-
ing pipelines and storage tanks. The corrosion coulometer provides a 
me ans of enhancing understanding of atmospheric corrosion processes. 
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